While most transport measurements on multilayered structures have been done for currents in the plane of the layers, there is an emerging interest in the geometry where the currents are perpendicular to the plane of the layers. We discuss the field and current patterns in these two cases. For the latter, the elastic mean free path is not a relevant length scale; rather, it is the spin-Hip mean free path that is important. In the case of currents perpendicular to the plane of the layers, one must distinguish between models which allow spin mixing of the currents and those in which the currents from the spin-up and spin-down electrons do not mix.
I. INTRODUCTION j(k, z) = dz' cr(k; z, z') E(k, z') .
II. TWO-POINT CONDUCTIVITY
The current at a point r is related to the electric field at r' through the two-point conductivity j(r) = d r' r(cr, r') E(r'), where E(r') is the actual electric field in the solid and cr(r, r') is the microscopic conductivity given by Kubo's linear-response formalism. We designate the layers to lie in the x-y plane and the growth direction to be the z axis. Due to the homogeneity in the plane of the layers, the conductivity can be written as cr (r, r') = cr(p -p', z, z'), (2) where p= (x, y) . By taking the Fourier transform with respect to (p -p'), we find that Eq. (1) 2) for currents perpendicular to the plane of the layers (CPP) . For this geometry the current is uniform throughout, and even though a uniform electric field is applied to the layers, the actual field in the solid varies from one layer to another.
In this paper we will show (i) that for layered structures, while for CIP a one-point conductivity o(z) suffices, for CPP the two-point function cr(z, z') is necessary, (ii) how the electric field varies from one layer to the next in the CPP geometry, and (iii) that the CPP geometry is sensitive to spin-dependent bulk scattering; in this geometry one can more readily distinguish it from interfacial scattering.~A s we are interested in cases where the fields are uniform over the layers, we take k = 0 and suppress this index, namely, j(z) = dz' o (z, z') E(z') .
cr~~ (z) = dz' cr(z, z'),
while the measured current per unit area, or average current density (j) = I/A, is
where o. gyp is the global or measured CIP conductivity
and L is the length of the sample in the z direction. For CPP the equation of continuity for the current gives, under steady-state conditions, i.e. , for Bg/Bt = 0, V' j(r) = 0,
or j, = const. In this geometry it is better to express the field in terms of the current density, E(z) = dz' p(z, z') j(z') = j dz'p(z, z'), (10) and the voltage drop per unit length of the sample or dz" o (z, z") p(z", z') = 6(z -z'),
o" (z, z') = b"o'(z, z') .
(21) that is, invert the matrix
which is unwieldy, or use a variational method to determine pc, pp from a knowledge of cr(z, z').
From the above analysis, we can see that we must introduce the condition of no-spin mixing as a constraint, e.g. , by using the method of Lagrange multipliers. We do this by introducing efFective internal electric fields p'(z) that make the total Gelds spin dependent, 
and the voltage drop per unit length of the sample is (E) = j' pci i (27) The conductivity o'(z, z') is found by using the Kubo formula for a current j', Eq. (23), in reacting to an electric field E'(z), Eq. (22) . Knowing o'(z, z'), we can thereby find E'(z) and p'(z); we will call this CPP(1). s As we will show, it leads to results that differ from CPP(2).
For CPP(1), j'(z) is a constant; it is useful to invert Eq. (23) and write it as V j" (r) = -dz'cr~(z, z') E(z') = 0, Z then, in general, 4 V j~(r) = -dz'o~(z, z') E(z') g 0. It follows that there is a nrixing of the two currents, because the divergence of j~(r) implies an infiow or outfiow of charge from one current channel to the other; this implies spin flip. We conclude that the same internal electric Beld on currents with spin up and spin down is tenable only if we allow spin-flip (spin-mixing) processes.
This will be called CPP(2).
As the voltage drop across the sample is independent of the spin direction of the conduction electrons, we find that the total current is and that the conductivity in CPP (1) is
In the CPP(2) model we find by following the same procedure that whose range dependence is scaled by the average mean free path A (arising from the average scattering) as a characteristic length scale. In reciprocal space the twopoint conductivity is diagonal,
with o (v) being the Fourier transform of the real-space conductivity kernel, Eq. (36).
By writing Eq. (23) in reciprocal space, we find in the homogeneous limit that
&CPP (2) L where dz dz' p(z, z') and p(z, z') = cr '(z, z') (33) (34) (38) For a divergenceless current (j, =const), this implies that v = 0 and that we can use an effective constant electric field. In this case there is no distinction between CPP(1) and CPP(2); both have constant electric fields in this limit. From Eq. (37) we note that the conductivity matrix is readily inverted in reciprocal space, so that
and that (39) [see Eqs. (15) - (17)], i.e. , the resistivity p(z, z') is the solution to the integral equation (13) . It should be emphasized that in CPP(2) matrix inversion of the conductivity in real space should be carried out after summation over all spin indices. Instead, for CPP(1) it is not possible to define o. (z, z') and p(z, z') without spin indices (because of the inequality of the electric fields of the two channels). Therefore, the salient difFerence in the eonductivities of the two models is that the CPP(l) conductivity is the sum of the conductivities of the independent spin currents (channels), i.e. , as if conduction is in parallel, while in CPP(2), where there is mixing of the currents in the two-spin channels, the conductivity is not expressed as simply [Eqs. (34) and (35)]. In order to obtain more explicit results, we now consider two limiting cases.
V. LIMITING CASES
The form of the two-point conductivity is controlled by (1) the distribution of the scatterers and (2) it can be seen that in the homogeneous limit the CPP conductivity is identical to that in CIP, because, as mentioned before, the layering is imperceptible in this limit, and we have taken the impurity scattering to be isotropic. When A « d;", which we call the "local" limit, the conductivity is a one-point function o. (z, z') = cr(z) 6(z -z'), (41) for points z and z' separated by distances~z -z'~) ) A. Notice that, in the local limit, for distances~z -z'~& A, the two-point conductivity exhibits its nonlocal structure / cr(z, z') = f~q Az whose functional form is like that of Eq. (36), but scaled with the local mean free A(z) [related to the one-point conductivity o(z)] rather than with the average mean free path A.
In the local limit we find differences between the two models for CPP, and both are different from the conductivity for the CIP case. By placing Eq. (41) (AF) configurations in the local limit (A « d;"). R+, R, and R"have the same meaning as in Fig. 1 . The current-density vector j is parallel to the growth direction z. analogies with resistor networks to understand whether or not the resistivity changes in going from an antiferromagnetic (random) configuration to a ferromagnetic alignment of the magnetic layers. In Fig. 1 we show the appropriate network corresponding to four layers, two magnetic, two nonmagnetic, in CIP, Eq. (47). We see that the resistivities are the same for the ferromagnetic (F) and antiferromagnetic (AF) conffgurations, so that there is no CIP-MR in this limit. For CPP (1), where there is no mixing of the currents (for electrons with spin up with those of spin down), the resistances of the individual layers for each spin direction are added in series, while those for the two channel are added in parallel. In Fig. 2 we note that in the ferromagnetic configuration the resistance is less in one branch than in the other, producing a "short-circuit" effect while in the antiferromagnetic configuration they are equal. Thus we have magnetoresistance for CPP(1). However, when the currents are mixed via spin flips, the resistors are coupled as shown in Fig. 3 (1) shows up in the current distribution; although j = P, j' is constant the individual j' varies with distance; in fact, in the antiferromagnetic state the spin-up and spin-down currents exchange roles. One becomes smaller while the other becomes larger.
VI. CURRENTS AND FIELDS
For the CIP geometry we have the same electric field in every layer, and the current is proportional to the onepoint conductivity o'(z). Typical variations of the current across a multilayered structure have been previously depicted. i Here we want to show that while the current is constant for CPP throughout, it is the electric Geld that varies. In general, to determine E'(z'), it is necessary Fig. 5 can also be understood with respect to CPP(l) by noting that, far from the interfaces (with respect to A,~), the electric fields E'(z) tend to become the same.
We conclude with some unusual predictions for the magnetoresistance for CPP(1). In general, we need the two-point conductivity a(z, z') and the electric fields E'(z'). However, we Fig. 6 . The decrease in the CIP-MR comes from the inability of the electrons to sample more than one magnetic layer within the distance of the mean free path A fp, as the thickness of the nonmagnetic layer t" increases.
For CPP(1), there is no decay from mean-free-path effects. Rather the CPP(l)-MR decreases due to the reduced spin-dependent scattering per unit length as t" increases.
When t = t", see Fig. 7 , the CPP(1)-MR reaches a finite asymptote, which comes from the spin-dependent bulk scattering per unit length. This is held constant, because as we increase t"~so we also add t~to maintain the equality of the two. We note from Fig. 7 that the CPP-MR with t = t"provides a sensitive test for the presence of spin-dependent bulk scattering. If it is not present the CPP-MR goes to zero as t" increases in much the same way as in Fig. 6 . The curve for the CPP-MR in Fig. 7 is predicated on CPP(l), i.e. , the assumption that all the distances t~+ t"are much less than A, g. Once t~+t"A,g, one goes over to CPP(2); as t + t"~= d;")) A t~, one is in the local limit and, as mentioned earlier the magnetoresistance goes to zero. In other words, the CPP-MR maintains its plateau in Fig. 7 
VII. SUMMARY
We have shown that in CPP there are two distinct possibilities depending on whether the currents associated with spin-up and spin-down electrons mix or not.
If they do, which occurs when the layer repeat distance d;" is large compared to the spin-difFusion distance A, g, the spin is no longer a good quantum number for the currents, the two currents mix and one loses the giant magnetoresistive effect that is due to a "short-circuit" effect for one of the currents. When A,~)) d;" the currents do not mix, and as the electron mean free path A fp does not cause the magnetoresistance to decrease for the CPP geometry, we find reasonably large magnetoresistances extending out to large bilayer repeat distances.
